Rabbit antisera against highly purified L-asparaginase from Serratia marcescens and from Escherichia coli showed up to 60% inhibition of the catalytic amidohydrolysis of L-asparagine when combined with the homologous enzyme. This inhibition was diminished somewhat against the heterologous enzyme. Kinetic studies in the presence of these antisera showed an increased Km,&P for both homologous and heterologous enzymes using L-asparagine as substrate. In contrast, kinetic studies employing the poor substrate, L-glutamine, showed activation attributable to specific antibodies. This was seen in lower KmaPP values and up to twofold increases in the Vi.. over the normal rabbit serum controls. The high degree of cross-inhibition ('80%) and the low degree of cross-reactivity in the quantitative precipitin test (-34%) suggest that these two enzymes possess structural similarities located mainly in the regions of the catalytic sites.
Many enzymes retain some catalytic activity in the presence of specific antibody. A few enzymes are completely inhibited; others are not at all affected by specific antibody (8) . Activation of enzyme by antibody has been reported in a few instances, especially with poor substrates (1, 8) . The use of antibodies to enzymes as a tool in the study of structural similarities between antigenic determinants was reviewed by Arnon (1) . Boyd and Phillips (4, 5) have shown that complete regression of the Gardner lymphosarcoma in the C3H mouse could be achieved with smaller amounts of L-asparaginase from Serratia marcescens than from Escherichia coli. This might be due to some differential effect of antibody on the enzyme from these two organisms. It is important, therefore, to investigate the characteristics of inhibition of these enzymes by their specific antisera.
We have previously shown that there is immunologic cross-reactivity between the Lasparaginases isolated from S. marcescens and E. coli (23) . The question arises whether this cross-reactivity, which has been measured by complement fixation and precipitin tests, is also demonstrable by enzyme inhibition. The present work was undertaken to study (i) the quantitative inhibition of enzyme by homologous and heterologous antisera; and (ii) the effects of antibody on enzyme kinetics using L-asparagine and L-glutamine as substrates. Growth and harvesting of bacteria. An inoculum of S. marcescens was grown in 100 ml of medium containing 4% (wt/vol) autolyzed yeast (12, 13) in a 250-ml Erlenmeyer flask. This was incubated for 18 h at 34 C with shaking and then added to 10 liters of sterile 3% yeast extract medium in a 15-liter fermentor (New Brunswick Scientific Co., New Brunswick, N.J.). Incubation was continued for 24 h at 34 C with aeration and agitation. Antifoam A, silicone defoamer (Dow Corning), was added (100 ml) as a 10% solution at 0 and 8 h of incubation. Cells were harvested in a Sharples continuous flow centrifuge at 10 C and washed twice with 0.05 N tris(hydroxymethyl)-aminomethane (Tris)-hydrochloride buffer (pH 8.6). About 20 g of packed cells per liter containing 100 to 150 IU of enzyme per g was obtained.
Enzyme assays. L-Asparaginase assays were conducted by nesslerization for routine work (19) . The reaction mixture contained saturating substrate and enzyme in a total volume of 2.0 ml of 0.05 M Tris-hydrochloride buffer, pH 7.4, and was incubated at 37 C for specified times. Turbidity due to serum proteins was avoided by adding 0.5 ml of 1.5 M trichloroacetic acid to stop the reaction. The mixture was kept in an ice bath for 15 min and then cen-L-ASPARAGINASE FROM S. MARCESCENS activation or stabilization of L-asparaginase (14, 17) , 0.5 mg of bovine serum albumin (BSA) was added to each assay tube prior to incubation. A different assay was employed in the kinetic studies. This was a continuous assay in which the asparaginase and glutamic dehydrogenase (GDH) reactions were coupled, and the stoichiometric oxidation of reduced nicotinamide adenine dinucleotide was measured at 340 nm. The reaction mixture contained 1 mg of BSA, 5 pmol of a-ketoglutarate, 0.025 Amol of reduced nicotinamide adenine dinucleotide, 0.333 mg of GDH, specified amounts of L-asparaginase, and antiserum, in a total volume of 1.0 ml of 0.05 M Tris-hydrochloride buffer, pH 8.6, at 22 C. The reaction was initiated by the addition of L-asparagine or L-glutamine. Details of this procedure have been described elsewhere (9) . One international unit of L-asparaginase activity is defined as the amount of enzyme required to liberate 1 gmol of NH4+ from L-asparagine in 1 min under the assay conditions described.
Protein determinations. Protein concentrations were estimated after Lowry et al. (18) with BSA as the standard. Dilute protein solutions (5 to 20 ug of protein/ml) were measured spectrophotometrically at 215 and 225 nm with BSA as standard (20) .
Chemicals and reagents. These materials were obtained from the following sources: L-asparagine monohydrate, A grade, from Calbiochem, Los Angeles; L-glutamine, crystalline, grade III, from Sigma, St. Louis (solutions were prepared daily); L-GDH, bovine liver, type II, in 50% glycerol, from Sigma (dialyzed before use); 1-nicotinamide adenine dinucleotide (reduced), disodium salt, grade III, low nicotinamide adenine dinucleotide content, from Sigma; a-ketoglutarate, monosodium salt, from Sigma; Purification of L-asparaginase from S. marcescens. Unless stated otherwise, all procedures were conducted at 4 C. The packed cells were diluted 1:3 (wt/vol) with 0.05 M Tris-hydrochloride buffer, pH 8.6, and the enzyme was released in a sonic oscillator (Raytheon Manufacturing Co., Waltham, Mass.) at 1.5 A for 7 min. The preparation was centrifuged 30 min at 37,000 x g and the pellet was discarded. The enzyme was purified by a modification of the method described by Ho et al. (15) as follows. The supernatant was adjusted to pH 4.5 by dropwise addition of 2 N acetic acid, and the precipitate was removed by centrifugation for 20 min at 16,300 x g and washed twice with pH 4.5 buffer. The precipitate was discarded. The supernatant and the washings were pooled and adjusted to pH 6.6 with 3 N KOH. The solution was concentrated to one-half its volume in an XM-50 Diaflo ultrafilter (Amicon Corp., Lexington, Mass.) under 53 lbs/in' of N,. The concentrate with about 10 mg of protein per ml was cooled to -15 C as 95% ethanol was added dropwise with stirring until a cloudiness appeared, when the mixture was kept at -15 C for 1 h without stirring. The precipitate was removed by centrifugation at 16,300 x g for 20 min at -15 C. In a typical purification successive precipitates of L-asparaginase occurred at 0.1, 0.2, 0.3, 0.5, 0.8, and 1.5 volumes of added ethanol; and each precipitate was treated as above. Fractionation with ethanol was repeated as above to obtain further purification and those fractions having similar specific activity were pooled after dissolving in a minimal volume of 0.02 M sodium phosphate buffer, pH 6.6. Each preparation was examined on analytical polyacrylamide electrophoresis as described previously (4). Fractions with high enzyme activity were loaded (5 ml) onto a Bio Gel P-150 column (46 by 2.5 cm) containing 200 ml packed bed volume with a void volume of 40 ml and a flow rate of 12 ml/h. Fractions (4 ml) were collected and assayed for protein and enzyme activity. Peak tubes were pooled and concentrated on an XM-50 Diaflo membrane under 20 lbs/in2 of N,. Concentrates containing 15 to 20 mg of protein per ml were made 20% (wt/vol) in sucrose and loaded on a polyacrylamide column (6.6% gel) in a preparative electrophoresis apparatus (Shandon Scientific Co. Ltd., London, U.K.). The buffer was 0.025 M Tris-glycine, pH 8.4, and the current was 50 mA. Fractions were collected, assayed, and concentrated as above. Enzyme yields were greatly improved by replacing the membrane and recovering trapped enzyme during the run. Homogeneous enzyme with a single band on gel electrophoresis and having a specific activity of about 200 IU/mg of protein was obtained (Fig. 1) . The purification procedure is summarized in Table 1 .
Antisera. Anti-S. marcescens asparaginase sera were prepared in three New Zealand white does weighing 2.0 to 2.5 kg (rabbits 245, 246, 247). One milligram of S. marcescens enzyme (specific activity 200 IU) in complete Freund adjuvant was injected intramuscularly at multiple sites in each rabbit on days 1, 10, and 20. These animals were bled on days 27 and 28 (first course antisera). On day 37 each rabbit received S. marcescens antigen as above and second course antisera were obtained 11 days later. On day 77 S. marcescens antigen was again injected and third course sera were taken-11 days subsequently.
Rabbit anti-E. coli L-asparaginase sera (223, 224)
were prepared as above but with large doses of antigen since more of it was available. Rabbits received 5 mg of antigen on days 1 and 10 and 3 mg on day 25. Six days later first course sera were taken. On days 45 and 49 animals were given 3 mg of E. coli antigen intravenously, and second course sera were .taken about 6 days thereafter. Antisera are designated by rabbit number and course of injection, e.g., no. 223-2 is serum from rabbit no. 223, second course. Antibody inhibition of L-asparaginase activity.
FERGUSON, PHILLIPS, AND MARUCCI
The effects of rabbit and anti-asparaginase sera on enzyme activity were investigated using the method described by Fuller and Marucci (11) The effects of rabbit anti-asparaginase sera on asparaginase kinetics were measured with L-asparagine and with L-glutamine as substrates. A single ratio of antibody to enzyme protein of 25:1 (wt/wt) was employed since this ratio produced maximum inhibition of L-asparaginase activity by all antisera. Appropriate amounts of antigen and antisera were mixed in a total volume of 1.0 ml of 0.01 M sodium phosphate buffer, pH 6.9, containing 0.85% NaCl and incubated at 25 C for 15 min. The mixture was then diluted to 2.0 ml with 0.05 M Tris-hydrochloride, pH 8.6 , and 0.1-ml aliquots were assayed by the GDH coupled assay method employing various concentrations of substrate (L-asparagine or L-glutamine). Initial velocities were determined for each substrate concentration (in duplicate) and appropriate controls with buffer and normal rabbit serum were conducted. Due to the low L-glutaminase activity of these enzymes (5%), fivefold more enzyme and antiserum were used with L-glutamine as substrate than with the L-asparagine experiments.
RESULTS
Effects of specific antibody on i^asparagi-nase activity. The effects of specific antibodies on the catalytic activity of the enzymes towards L-asparagine were quantitatively investigated. The results showed partial inhibition of enzyme activity. The data are presented in Fig. 2 . In the presence of S. marcescens antisera, S. marcescens L-asparaginase manifested about 60%, inhi- Fig. 2D and E) . Again the enzyme activity of the homologous antigen was significantly more inhibited than that of the heterologous one. The overall cross-inhibition, however, was high and comparable with both E. coli and S. marcescens antisera and complete inhibition of enzyme activity was never attained even in large excess of antibody. A control experiment was performed to show that the degree of inhibition was a function of the number of antibody molecules bound to each enzyme molecule and independent of concentration effects at a given ratio of antibody to enzyme (Fig. 3) . These data show this to be true for both homologous and heterologous enzymes with all antisera tested. Our data on the crossinhibition of L-asparaginase activity and the immunologic cross-reactivity of antisera against these L-asparaginases are summarized in Table  2 .
Effects of specifc antibody on enzyme kinetics. The GDH coupled assay was employed in the determination of the effects of specific antibody on the kinetics of amidohydrolysis of L-asparagine and L-glutamine by L-asparaginase. In all of these experiments an antibody-antigen ratio of 25:1 (wt/wt) was employed which gave maximal inhibition in the studies described above. It was found that the presence of normal rabbit serum did not alter the kinetics in any of the reactions described. Under these conditions the K,,PP values for the L-asparagine reaction were 1.25 x 10-M and 1.2 x 10-M for S. marcescens (Fig. 4A ) and E. coli (Fig. 4B) enzymes, respectively; and the values for L-glutamine were 7.4 x 10-' M for the S. marcescens enzyme (Fig. 5A, curve 3 ) and 2.5 x 10-' M for the E. coli enzyme (Fig. 8) . The Vmax values for L-glutamine were considerably lower than the values for L-asparagine. These results agree well with measurements taken in the absence of normal serum (21, 29) .
Since normal rabbit serum had no effect on enzyme kinetics, any effects produced by the various antisera are attributable solely to their specific antibody content. With L-asparagine as substrate each of the S. marcescens antisera decreased the V,,., of both S. marcescens and E. coli enzymes (Fig. 4) . The S. marcescens enzyme (Fig. 4A ) was inhibited to a greater extent (50 to 75%) than E. coli enzyme (Fig. 4B ) by all S. marcescens antisera; and the Km"PP values were somewhat increased (mixed inhibition) except with serum no. 245-1, where little or no effect was observed with either enzyme (noncompetitive inhibition). The measurements taken on enzyme inhibition in the coupled assay were comparable to the values obtained by nesslerization. In contrast, with Lglutamine as substrate, an enhancement of enzyme activity by specific antibodies usually occurred. In these experiments the same three S. marcescen,s antisera described above were involved. Two antisera resulted in a decrease in KmaPP value and generally an increase in V.ax for both S. marcescens and E. coli enzymes (Fig. 5) . The exception was antiserum no. 247-2 which inexplicably manifested little influence on either enzyme. The most pronounced effect was produced by antiserum no. 246-2 against the E. coli enzyme (Fig. 5) . These results thus show that the binding of specific antibodies to the enzyme can alter the molecule in such a way as to significantly increase the activity of the catalytic site for L-glutamine.
The above experiments were repeated with rabbit antisera against E. coli enzyme. When L-asparagine was the substrate there were significant decreases in the V.ax of E. coli and S. marcescens enzymes and an increase in the KmSPP values, indicating a mixed inhibition (Fig.  6 ). Antiserum no. 223-2 was considerably more inhibitory than antiserum no. 224-1, but neither of these sera manifested the degree of inhibition shown by S. marcescens antisera no. 245-1 and no. 246-2. Here again the greatest inhibition was shown to occur in the homologous system, and the inhibition values obtained by the GDH assay were comparable to those obtained by nesslerization.
With L-glutamine as substrate in a reaction (Fig. 7) . However, there was little influence upon the S. marcescens enzyme by this antiserum (Fig. 7A) . Also, E. coli antiserum no. 223-2 had little effect on the activity of E. coli and S. marcescens enzymes.
The contrasting effects of E. coli antiserum no. 224-1 upon E. coli and S. marcescens enzymes with L-glutamine as substrate are the only instances of significant kinetic differentiation between the two enzymes by any of the antisera using either substrate. This may indicate a similarity in the structure of the active sites of these enzymes. However the exceptional behavior of anti-E. coli serum no. 224-1 does suggest that the active sites are not identical.
DISCUSSION
Inhibition of L-asparaginase by specific antisera may be envisioned as occurring by (i) direct blocking of catalytic sites by antibody specific for these sites, (ii) blocking of the active centers by antibody which has combined with antigenic determinants in close proximity to these sites, and/or (iii) a conformational change in the enzyme molecule as a result of its combination with antibody.
The heterogenous nature of antisera to various enzymes has been shown by fractionation of anti-enzyme sera into inhibitory, noninhibitory, and activating antibody preparations (10, 27, 28, 31) . Arnon and Shapira (3) isolated antibody specific for the active center of papain. This antibody combines with and inhibits the catalytic activity of chymopapain.
By use of specific antisera against highly purified L-asparaginase isolated from E. coli and S. marcescens, we have made some postulations about the structural similarities of these enzyme preparations. The high degree of crossinhibition is consistent with structural similarity in the region of the catalytic site. We cannot distinguish effects of antibody directed to the catalytic sites and effects of antibody directed to determinants in close proximity to these sites. However, it would seem that, in these antisera, antibody to regions neighboring the catalytic site play the major role in inhibition. This is so because antibodies directed to the catalytic site would be expected to result in complete inhibition (1, 3, 7) . We were never able to obtain complete inhibition of enzyme even in great antibody excess.
The cross-inhibition of the enzyme was found Experiments on kinetics of L-asparaginase hydrolysis in the presence and absence of antisera were done in an attempt to gain some idea about the mechanism of inhibition (16) . In these studies most antisera showed a "mixed" pattern of inhibition (26); i.e., both KmaPP and Vmax vary in the presence of antiserum with both homologous and heterologous enzymes. This could be accounted for by either a conformational change in the enzyme which decreased both binding and catalysis or by a combination of conformational change and steric hindrance. Steric hindrance alone would not give this pattern of inhibition. Anti-S. marcescens serum no. 245-1 gave an unusual partial mixed type inhibition (Fig. 5A, curve 2 ) similar to the C5 system described by Segel (26) . Future studies on the inhibitory effects of individual species of immunoglobulins from fractionated antisera, as well as the influence of inhibitor concentration on enzyme kinetics, should be useful aids in the elucidation of the inhibition mechanisms.
The experiments with the poor substrate, L-glutamine (6, 21) , further reinforce the view that antibody-induced conformational change can be a mechanism for altered activity of this enzyme. It was found that in the presence of antibody, the rate of catalysis of L-glutamine was significantly increased over normal serum controls. This is similar to the results of Pollock (24) (30, 31) . Alternatively, the conformation of the enzyme may be so altered after reaction with antibody that the poor substrate is now more readily accepted.
It Fig. 5B and the control plot in Fig. 7B (curve without symbols).
